Whether endothelium-derived relaxing factor (EDRF)/nitric oxide (NO) plays a role in the dilation of the left circumflex coronary artery during acute exercise and whether endothelium-mediated dilation of this artery is altered after chronic exercise training have not been determined previously. Nine dogs were chronically instrumented for measurements of systemic hemodynamics, left circumflex coronary artery diameter, and blood flow. Acute treadmill exercise (10.9 km/h) caused dilation of the circumflex coronary artery by 4.33±0.84% and an increase in coronary blood flow by 32±5.2 m/min. After the administration of intravenous nitro-L-arginine, the dilation of the circumflex coronary artery was converted to vasoconstriction (-4.13±1.58%), whereas the increase in coronary blood flow was not altered (24±3.6 mL/min). Chronic exercise training (2 hours each day at a speed of 10.9 km/h for 7 days) enhanced acetylcholine-induced dilation and reactive dilation (following release of a brief coronary artery occlusion) of the large coronary artery (P<.05), whereas the coronary blood flow responses were not changed. These enhanced acetylcholine-induced and reactive dilations of the circumflex coronary artery were due to a greater release of EDRF/NO since they were eliminated by nitro-L-arginine. Thus, in the circumflex coronary artery, EDRF/NO-dependent dilation was enhanced after 7 days of exercise training. This may represent the mechanism responsible for the perception that chronic exercise induces cardiovascular "well being." (Circ Res. 1993;73:829-838.) KEY WoRDS * exercise * endothelium-derived relaxing factor * epicardial coronary arteryacetylcholine * reactive dilation T he benefits of exercise on the cardiovascular system have been well documented. These benefits include improved cardiac function,12 increased coronary reserve,3 lower incidence of coronary disorders,4 and more tolerance to cardiovascular diseases.5 However, the mechanisms responsible for these benefits have not been defined. In 1980, Furchgott and Zawadzki6 first described that vascular endothelial cells release a vasodilator named endothelium-derived relaxing factor (EDRF) in response to acetylcholine. The release of EDRF is triggered either by agents such as acetylcholine and bradykinin67 or by mechanical stimuli such as blood flow and shear stress.8
acetylcholine * reactive dilation T he benefits of exercise on the cardiovascular system have been well documented. These benefits include improved cardiac function,12 increased coronary reserve,3 lower incidence of coronary disorders,4 and more tolerance to cardiovascular diseases.5 However, the mechanisms responsible for these benefits have not been defined. In 1980, Furchgott and Zawadzki6 first described that vascular endothelial cells release a vasodilator named endothelium-derived relaxing factor (EDRF) in response to acetylcholine. The release of EDRF is triggered either by agents such as acetylcholine and bradykinin67 or by mechanical stimuli such as blood flow and shear stress. 8 During exercise, blood flow is elevated, particularly in the coronary and the skeletal muscle circulations, because of increases in metabolic demand. 9 The increases in coronary blood flow cause the dilation of the epicardial coronary artery since, if coronary blood flow was held constant by a stenosis during exercise, the dilation of the epicardial coronary artery was eliminated. 10 In the coronary circulation, we"l and other investigators12, 13 have shown that an acute increase in flow velocity following release of a transient coronary artery occlusion results in the dilation of epicardial coronary arteries via a mechanism involving EDRF/nitric oxide (NO). Studies from our laboratory and other laboratories also have documented that chronic increases in coronary blood flow by chronic cardiac pacing14 and a chronic increase in femoral blood flow following opening an arterial venous fistula15 caused an elevated production of EDRF from vascular endothelium. The characteristic high coronary blood flow during exercise and the potential positive feedback between blood flow velocity and the production of EDRF led us to hypothesize that the dilation of the circumflex coronary artery during acute exercise was EDRF/NO-mediated and that the endothelium-mediated dilation of the circumflex coronary artery would be enhanced after chronic exercise training. Perhaps one of the mechanisms responsible for the benefits of exercise is through enhancing endothelium-mediated control of the large coronary artery. Controversial results have been provided by previous studies in vitro. For instance, endotheliummediated relaxations of canine coronary arteries to the a2-adrenergic agonists norepinephrine and UK14304 were not altered by chronic exercise. '6 Furthermore, in porcine coronary arteries taken from animals with chronic exercise training, norepinephrine caused less maximal tension development compared with control arteries; this appeared to be an endothelium-independent phenomenon.17 Therefore, the goals of this study were to determine (1) which mediator was responsible for the dilation of epicardial coronary arteries during acute treadmill exercise and (2) whether endotheliummediated control of epicardial coronary arteries was enhanced after brief exercise training.
Materials and Methods Surgical Preparation and Measurements
Before surgery, dogs were screened to run on our treadmill (Talbot Carlson, Inc, Audubon, Iowa), and surgery was only carried out on dogs who ran well at speeds of 10.9 km/h. This study used nine dogs of either sex (eight males and one female), weighing 25 to 29 kg. Dogs were sedated using acepromazine (0.3 mg/kg IM, Ayerst Laboratories, New York, NY) and anesthetized with pentobarbital sodium (25 mg/kg IV). These dogs were prepared for sterile surgery, and a thoracotomy was performed in the left fifth intercostal space using sterile surgical technique. A Tygon catheter was placed in the descending thoracic aorta. A solid pressure gauge (model P6.5, Konigsberg Instruments, Pasadena, Calif) was placed in the apex of the left ventricle (LV). A flow-cuff transducer (3.5 to 5 mm in diameter) was implanted on the left circumflex coronary artery. Sonomicrometer crystals (7 MHz, 1 x 2 mm) were sutured on opposing surfaces of the same artery. A hydraulic occluder was placed around the same artery distal to the flow transducer and sonomicrometer crystals.
The catheter and wires were run subcutaneously to the intracapsular region. The chest was closed in layers, and the pneumothorax was reduced. The dogs were allowed to fully recover. Antibiotics were given after surgery as necessary. After 10 days, dogs were trained to lie quietly on the laboratory table.
On the day of the first experiment, the dog was brought to the laboratory and placed on the table. A 19-gauge intravenous catheter was inserted in a peripheral vein and attached to extension tubing for injections of drugs without disturbing the dogs. All interventions including drug injections and brief coronary artery occlusions were performed in a random order. Between drug injections or coronary artery occlusions, enough time was allowed so that systemic and coronary hemodynamics returned to baseline, and then the next injection or coronary artery occlusion was performed.
Hemodynamic Recordings
With the dog lying on the laboratory table or running on the treadmill, the following recording techniques were used in both sets of experiments. The previously implanted aortic catheter was attached to a P231D strain gauge transducer (Statham Instruments, Inc) to measure arterial pressure. LV systolic pressure was measured using the previously implanted solid-state pressure gauge. The LV pressure signal was differentiated to measure LV dP/dt. Left circumflex coronary artery diameter and coronary blood flow were measured, respectively, using the previously implanted sonomicrometer crystals and Doppler flow probe with a pulsed Doppler system (System 6, Triton Technology, Inc, San Diego, Calif). The data were recorded on a 14-channel tape recorder (model 3700B, Bell and Howell) and played back on a direct-writing oscillograph (model 3800s, Gould). Mean values were derived for and blood flow using 2-Hz resistance-capacitor filters. Heart rate was measured using a cardiotachometer (model 9857B, Beckman Instruments), which was 
Chronic Exercise
After 7 days of exercise with the dog lying on the laboratory table, nitro-L-arginine was administered intravenously as a bolus. The inhibition by nitro-L-arginine of endothelium-mediated circumflex coronary artery dilation was tested using acetylcholine (5 ug/kg IV) injection. Once the acetylcholine-induced dilation of circumflex coronary artery was abolished by nitro-Larginine, 15 -and 30-second coronary artery occlusions and acetylcholine (10 gg/kg) and nitroglycerin (25 ,ug/kg) injections were performed. If the blockade was not adequate, then an additional dose of nitro-L-arginine was administrated. The averaged total dose of nitro-L-arginine was 48±14 mg/kg. Data Analysis Data were expressed as mean+SEM. The response of the circumflex coronary artery diameter to any one of the interventions was expressed as percent change from baseline, and the responses of coronary blood flow to those since we believe that the increases in coronary blood flow were the stimuli responsible for the dilation of the circumflex coronary artery. On the day of the experiment, significant differences from baseline were determined using one-way analysis of variance (ANOVA). The changes of coronary and systemic hemodynamics to an intervention on the control day were compared with the changes in the same intervention after chronic exercise using a two-way ANOVA. A post hoc Scheffe's test was used to convert the ratio of F values to a t distribution. There were no missing data for any intervention for statistical processing before or after chronic exercise. After chronic exercise, the responses of the circumflex coronary artery to acetylcholine, release of a brief coronary artery occlusion, and nitroglycerin after nitro-Larginine were analyzed using a paired t test. Statistical significance was determined at P<.05.
The protocols were approved by the Institutional Animal Care and Use Committee of New York Medical College and conform to the guiding principles for the use and care of laboratory animals of the American Physiological Society and the National Institutes of Health.
Results
Effects ofAcute Exercise on the Circumflex Coronary Artery Fig 1 shows recordings from one dog standing on the treadmill and running at 10.9 km/h. There were increases in LV systolic pressure, LV dP/dt, MAP, heart rate, circumflex coronary artery diameter, and blood flow. There was also a fall in calculated late diastolic coronary vascular resistance during exercise (Table 1) . Table 1 summarizes the hemodynamic changes during exercise before and after nitro-L-arginine. The increase in circumflex coronary artery diameter was eliminated after the administration of nitro-L-arginine. A significant constriction of the large coronary artery was observed during exercise after nitro-L-arginine (Fig 2) . The increases in LV systolic pressure, LV dP/dt, MAP, heart rate, and coronary blood flow during exercise were not affected by the dose of nitro-L-arginine used in the present study. Late diastolic coronary vascular resistance still fell during exercise after nitro-L-arginine; however, this was significantly attenuated ( Table 1) . Effects of Chronic Exercise on the Circumflex Coronary Artery LV systolic pressure, LV dP/dt, MAP, and heart rate were not altered by the 7 days of exercise. There was a tendency for increases in the baseline large coronary artery diameter and coronary blood flow and for a decrease in late diastolic coronary vascular resistance after 7 days of exercise training, but none of these were statistically significant from before chronic exercise. Table 2 summarizes those data.
Acetylcholine and Endothelium-Mediated Dilation of the Left Circumflex Coronary Artery Acetylcholine caused dose-dependent decreases in LV systolic pressure and MAP and increases in LV dP/dt and heart rate. These hemodynamic measurements in response to the 20 ,g/kg dose before and after 7 days of exercise training are summarized in Table 3 .
This was the highest dose tested, and hemodynamic interventions were expressed as absolute values of flow, The reactive dilation was significantly enhanced after chronic exercise (Fig 5, top) . However, the peak reactive hyperemia was not altered (Fig 5, bottom) 4.2---. sions before or after chronic exercise. LV dP/dt was significantly decreased during the occlusion, but this was not different before and after 7 days of exercise. Systemic hemodynamic measurements during 30-second coronary artery occlusions before and after 7 days of exercise training are summarized in Table 4 , as an example, since these measurements for all coronary artery occlusions were not altered by the exercise regimen. The dose-response curves of circumflex coronary artery diameter and blood flow to nitroglycerin were constructed. Neither the coronary artery diameter nor the coronary blood flow response to this endotheliumindependent vasodilator was altered after 7 days of exercise (Fig 6) . The hypotension, tachycardia, and increases in LV dP/dt in response to nitroglycerin were not altered after 7 days of exercise. 
Effects of Nitro-L-Arginine on Endothelium-Mediated Dilation of the Left Circumflex Coronary Artery After Chronic Exercise
After 7 days of exercise, the enhanced endotheliummediated dilations were abolished by nitro-L-arginine. After nitro-L-arginine, reactive dilation following release of 15-and 30-second occlusions and acetylcholine-induced dilation at a dose of 10 ,ug/kg were eliminated, whereas the nitroglycerin-induced dilation of the circumflex coronary artery remained unchanged (Fig 7) . Discussion The most significant findings of the current study are as follows: (1) The dilation of the circumflex coronary artery during exercise was not only completely abolished, but to our surprise, vasoconstriction was actually observed after the administration of nitro-L-arginine. dilation of left circumflex coronary artery following the injection of acetylcholine and the release of a brief coronary artery occlusion was enhanced. These dilations were also eliminated by nitro-L-arginine. Two recent studies have reported dilation of the epicardial coronary artery during exercise.10.20 These authors concluded that the dilation of the epicardial coronary artery was due to increases in coronary blood flow, but the role of EDRF in this exercise-induced dilation was not determined. Berdeaux et a120 recently reported that the dilation of epicardial coronary artery during exercise was eliminated by fl-adrenergic receptor blockade. They concluded that ,B-adrenergic receptors were essential for the dilation of the epicardial coronary artery during exercise. On the other hand, Schwartz et a110 have shown that the dilation of the epicardial coronary artery during exercise was via a flow-dependent mechanism, since the dilation of the epicardial In the present study, the left circumflex coronary artery dilated when dogs ran on a treadmill at multiple speeds, whereas coronary blood flow and LV dP/dt significantly increased from baseline. After nitro-L-arginine, the circumflex coronary artery diameter decreased from baseline; these decreases in diameter were not due to a reduced flow stimulus or reduced myocardial oxygen consumption, because significant increases in coronary blood flow and LV dP/dt still occurred. Our results clearly demonstrate that the dilation of the circumflex coronary artery during treadmill exercise was completely abolished by nitro-L-arginine at a dose sufficient to block acetylcholine-induced dilation and reactive dilation. Very recently, Broten et a121 showed that acetylcholine released from parasympathetic nerve endings caused coronary vasodilation using EDRF/NO as a mediator. Because of the potential changes in autonomic tone during treadmill exercise, it is possible that the release of acetylcholine from nerve endings may initiate endothelium-mediated dilation; however, in general, there is vagal withdrawal to the heart during exercise. Buxton et a122 reported that arginine analogues with alkyl or aryl ester groups such as NG-nitro L-arginine methyl ester, L-arginine methyl ester, and L-arginine ethyl ester eliminated endothelium-mediated re- We believe that the increases in coronary blood flow and, consequently, the increases in shear stress that occurred during exercise were the stimuli for production of EDRF/NO. Furthermore, this EDRF/NO mechanism may buffer adrenergic vasoconstriction of epicardial coronary arteries during exercise. In the current study, we did observe vasoconstriction of the circumflex coronary artery during exercise when the production of EDRF/NO was blocked. An interaction between sympathetic or parasympathetic nerve activity and EDRF has been reported. [23] [24] [25] For instance, the vasoconstriction of rabbit carotid artery to adrenergic nerve stimulation was inhibited by EDRF. 25 In an isolated perfused rabbit carotid artery preparation, Tesfamariam and Cohen24 showed that adrenergic vasoconstriction that was triggered by transmural electrical stimulation was depressed by the increased shear stress acting on endothelial cells and that this adrenergic vasoconstriction was augmented by methylene blue, an inhibitor of guanylate cyclase. During exercise, sympathetic tone is increased in order to provide a greater cardiac output and redistribute peripheral blood flow, and coronary blood flow is also increased because of a marked increase in myocardial oxygen demand. Perhaps the control of large coronary artery vasomotor tone is controlled by the interaction between neural factors and flow-dependent endothelium-mediated mechanisms. Data from the present study demonstrate that the release of EDRF/NO from the endothelium during increases in coronary blood flow is essential for the dilation of the circumflex coronary artery during exercise. Vasoconstrictor mechanisms of epicardial coronary arteries might be unmasked if the endotheliummediated EDRF/NO mechanisms disappear as a result of nitro-L-arginine administration or the pathological events that reduce EDRF/NO synthesis in vascular endothelium. The fall in late diastolic coronary vascular resistance during exercise was attenuated by nitro-Larginine. This increase in late diastolic coronary vascular resistance may suggest a possible role of EDRF/NO in the regulation of coronary vascular resistance during exercise. Several studies have reported recently that EDRF/NO might play such role in the coronary circulation.26,27 Although the changes in coronary blood flow during exercise were not depressed at the dose of nitro-L-arginine used in the present study, our data do not imply that EDRF/NO has no role in the control of coronary blood flow during exercise, because the dose of nitro-L-arginine used in the present study was selected specifically to eliminate circumflex coronary artery dilation in response to acetylcholine and acute increase in flow velocity and not to eliminate blood flow responses to these agents. This experimental design allowed us to distinguish whether an altered coronary blood flow response or an altered EDRF/NO mechanism was responsible for elimination of epicardial coronary artery dilation after nitro-L-arginine administration during exercise. Therefore, the role of EDRF/NO in coronary resistance vessels during exercise remains uncertain.
We"l and other14 investigators have demonstrated that chronic increases in shear stress resulting from an increased flow have led to functional and histological alterations of the vascular endothelium. We have reported that in conscious dogs coronary blood flow was elevated by rapid cardiac pacing for 3 weeks, and endothelium-mediated dilation of the circumflex coronary artery was enhanced. Dewey and Bussolari28 showed that the shape and structure of endothelial cells were modified by shear stress in cell culture. If the endothelium of the epicardial coronary artery was repeatedly exposed to an elevated blood flow-induced shear-stress stimulus (eg, the exercise regimen used in our study), an alteration of endothelium-mediated control of the circumflex coronary artery was also observed.
Acetylcholine is the classic stimulus for the release of EDRF and dilates epicardial coronary arteries via a receptor component and a flow component,19 both of which are mediated by EDRF/NO in conscious dogs."1,12'29 Acetylcholine-induced dilation of epicardial coronary arteries was not due to the altered systemic hemodynamic effects in conscious dogs, since Cox et al19 showed that this dilation still occurred after autonomic blockade. The dilation of the epicardial coronary artery following the release of a brief coronary artery occlusion is flow-dependent and endothelium-mediated'63031 and is also accomplished via an EDRF/NO mechanism."1',2,29 Seven days of exercise training did not alter the coronary blood flow or other systemic hemodynamic responses to acetylcholine or occlusion of the coronary artery. Furthermore, when the response of circumflex coronary artery to acetylcholine was examined with coronary blood flow held constant by partial inflation of the occluder, the dilation of this coronary artery was still significantly greater after chronic exercise. Therefore, the possibility that an enhanced cor- Our data with nitroglycerin also suggest that the enhanced responses of the left circumflex coronary artery to acetylcholine and to release of a brief coronary artery occlusion were not due to an increase in the sensitivity of vascular smooth muscle, since neither the large vessel dilation nor the coronary blood flow response to nitroglycerin was altered. Nitroglycerin stimulates guanylate cyclase and dilates the epicardial coronary artery through an endothelium-independent flow-independent manner that is not dependent on its systemic hemodynamic effects. 32 Moreover, the enhanced dilation of the circumflex coronary artery following injection of acetylcholine or release of a brief coronary artery occlusion was completely eliminated by nitro-L-arginine, a competitive inhibitor of EDRF/NO synthesis,1"'22,29'33 after 7 days of exercise. Thus, we concluded that an enhanced release of EDRF contributed to the augmented endothelium-mediated dilation of the circumflex coronary artery in response to acetylcholine and acute increases in coronary blood flow after chronic exercise.
The chronic exercise protocols used in our study did 
